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ABSTRACT
One of the greatest challenges to theoretical models of massive galaxy formation is the regulation of
star formation at early times. The relative roles of molecular gas expulsion, depletion, and stabilization
are uncertain as direct observational constraints of the gas reservoirs in quenched or quenching galaxies
at high redshift are scant. We present ALMA observations of CO(2–1) in a massive (logM?/M =
11.2), recently quenched galaxy at z = 1.522. The optical spectrum of this object shows strong
Balmer absorption lines, which implies that star formation ceased ∼0.8 Gyr ago. We do not detect
CO(2–1) line emission, placing an upper limit on the molecular H2 gas mass of 1.1×1010 M. The
implied gas fraction is fH2≡MH2/M? < 7%, ∼ 10× lower than typical star forming galaxies at similar
stellar masses at this redshift, among the lowest gas fractions at this specific star formation rate at
any epoch, and the most stringent constraint on the gas contents of a z > 1 passive galaxy to date.
Our observations show that the depletion of H2 from the interstellar medium of quenched objects can
be both efficient and fairly complete, in contrast to recent claims of significant cold gas in recently
quenched galaxies. We explore the variation in observed gas fractions in high-z galaxies and show that
galaxies with high stellar surface density have low fH2 , similar to recent correlations between specific
star formation rate and stellar surface density.
Keywords: galaxies: high-redshift — galaxies: evolution — galaxies: ISM
1. INTRODUCTION
Producing realistic populations of non-star forming or
quiescent galaxies over cosmic time remains a signifi-
cant challenge to current theoretical models of galaxy
formation and evolution. Quenched galaxies have been
identified as early as z ∼ 4 (e.g. Straatman et al. 2014;
Glazebrook et al. 2017), but their emergence peaks
at z ∼ 2, an epoch after which the majority above
log M?/M & 11 have their star formation truncated
(e.g., Muzzin et al. 2013; Tomczak et al. 2014; David-
zon et al. 2017). The physical mechanisms responsible
for rapidly halting the star formation in early massive
galaxies, and preventing future star formation for many
Gyr, remain insufficiently constrained, partly due to a
poor understanding of the observable signatures of the
physics affecting star formation. These processes are
likely tied to either depleting, expelling, and/or heating
the cold molecular gas in galaxies, which would other-
wise fuel star formation (see e.g., Man & Belli 2018, and
references therein).
This has motivated investigations into the molecular
gas properties of quenched galaxies, as probed by the
rotational transitions of CO. The overwhelming major-
ity of these studies have, until recently, been limited to
the local Universe, where observations indicate very low
molecular gas fractions (0.1−1%) and very low star for-
mation efficiency relative to star forming galaxies (e.g.,
Saintonge et al. 2011a,b, 2012; Davis et al. 2011, 2013).
Locally, massive quiescent galaxies have old stellar pop-
ulations, indicating that their primary epoch of star for-
mation occurred many Gyrs in the past; the residual
molecular gas reservoirs are likely either supplied by ex-
ternal processes such as gas-rich merging (e.g., Young
et al. 2014) or internally via stellar mass loss (e.g., Davis
et al. 2016). Late accretion of gas will often be character-
ized by misaligned stellar and molecular gas kinematics,
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2which may not be as important even as late as z ∼ 0.7
(Hunt et al. 2018). However, recently quenched (e.g.,
post-starburst) galaxies, which have ceased star forma-
tion within the last . 1Gyr, provide the opportunity to
observe the molecular gas properties immediately follow-
ing a recent star forming episode to gain better insight
into the quenching process. Observations of cold gas in
local post-starburst galaxies indicate large (∼ 109M
or fH2 ∼ 0.01 − 0.3) reservoirs of cold gas despite their
low star formation rates (e.g. French et al. 2015, 2018),
suggesting that the recent quenching of these galaxies
cannot be simply due to a lack of cold gas. These tran-
sitioning galaxies are extraordinarily rare in the local
Universe, <0.2% of the overall population and rarer at
high masses (e.g., French et al. 2015), but become far
more common at z > 1 (Whitaker et al. 2012).
Exploring the molecular gas content of high-redshift
transitioning galaxies is necessary to establish which
physical mechanisms are responsible for building up the
massive end of the red sequence. Outside of the lo-
cal Universe only ∼10 z < 1 quiescent galaxies have
published constraints on their molecular gas reservoirs
based on CO lines (Suess et al. 2017; Spilker et al.
2018), indicating a large spread of gas fractions (fH2 ≡
MH2/M?) from upper limits of ∼ 3% to measured
fH2 ∼ 15% in galaxies below the star forming main
sequence (Spilker et al. 2018) and between 4–20% for
massive post-starburst galaxies (Suess et al. 2017). Mea-
surements beyond z ∼ 1 are even more sparse, with one
quiescent galaxy at z ∼ 1.4 constrained to fH2 < 10%
(Sargent et al. 2015), two cluster galaxies at z = 1.46
(Hayashi et al. 2018) and z ∼ 1.62 (Rudnick et al. 2017)
with fH2 = 35% and ∼ 42% respectively.1 In contrast
with the Sargent et al. (2015) measurement, but per-
haps consistent with the spread in the small number of
observed individual galaxies, Gobat et al. (2018) per-
formed a stacking analysis of dust continuum and deter-
mined that quiescent galaxies at z ∼ 1.8 have average
gas fractions ∼ 16%. Although these results are not in
tension, there is much work to be done to define the
distribution and scatter in cold gas reservoirs remaining
in galaxies as they shutdown star formation at this key
epoch. With this work, we quantify the molecular gas
reservoir in C21434, a massive and recently quenched
galaxy at z = 1.52, leveraging the unrivaled sensitivity
1 Using the stellar mass estimate from Skelton et al. (2014) 3D-
HST catalogs for maximal consistency, which is ∼0.3 dex lower
than the value quoted in Rudnick et al. (2017), corresponding to
fH2 = 20%. This discrepancy is slightly larger than the ∼0.2 dex
uncertainty expected for stellar mass estimates with a fixed IMF
(Muzzin et al. 2009).
of ALMA at the peak of galaxy assembly. Our ALMA
observations represent the deepest constraint to date on
the molecular gas content of a non-starforming galaxy
at z > 1. We assume a standard concordance cosmology
with H0 = 70km s
−1Mpc−1, ΩM = 0.3, ΩΛ = 0.7, and a
Chabrier (2003) Initial Mass Function.
2. TARGET SELECTION AND DATA
2.1. Multi-Wavelength Photometry and LRIS Spectrum
The targeted galaxy, C21434, is selected from a sample
of massive galaxies (log M?/M & 11) at z ∼ 1.5 in the
NEWFIRM Medium Band Survey (NMBS, Whitaker
et al. 2011). The sample and full analysis is described in
Bezanson et al. (2013), but we briefly summarize here.
The NMBS survey provides extensive multi-wavelength
photometry for this object from the UV to 24µm,
including medium-band near-IR filters that span the
Balmer/4000A˚ break at the redshift of the target (shown
in the right panel of Figure 1). A deep (18 hour) optical
spectrum was taken in January and April 2010 using the
LRIS spectrograph (main panel of Figure 1) and high-
resolution rest-frame optical imaging was obtained using
the F160W filter on the HST-WFC3 Camera (Program
HST-GO-12167, PI: Franx). The structural parameters
of C21434 are measured using Galfit (Peng et al. 2002)
to fit a single Se´rsic (1968) profile to the HST image.
The image, best-fitting model, and residuals from the
fit are included in the inset of Figure 1.
The NMBS photometry are fit using FAST (Kriek
et al. 2009) with Bruzual & Charlot (2003) stellar pop-
ulation synthesis models and delayed exponentially de-
clining star formation histories, fixing to the spectro-
scopic redshift zspec = 1.522. The best-fitting model
finds a stellar mass of logM?/M = 11.2. The strongly
peaked Balmer break in the SED and strong Balmer
absorption features indicate that C21434 is a recently
quenched “A-type” post-starburst galaxy. The photo-
metric fit yields a stellar age of ∼0.8 Gyr. We also spec-
troscopically fit the age of C21434 using PPXF (Cap-
pellari & Emsellem 2004) to fit a linear, non-negative
sum of Vazdekis (1999) single stellar population mod-
els, again finding a stellar age of ∼0.8 Gyr.
2.2. ALMA Observations
ALMA Band 3 observations were carried out in two
consecutive observing blocks on 2016 January 18 as part
of project 2015.1.00853.S (PI: Bezanson). The CO(2–1)
line is redshifted to a sky frequency of 91.411 GHz. One
1.875 GHz spectral window was centered around this fre-
quency with 7.8 MHz (∼25 km s−1) channelization, with
two additional 1.875 GHz spectral windows placed for
continuum observations. The total duration of the two
3Figure 1. Left Panel: Keck/LRIS optical spectrum (black) and best-fitting model (red) and inset HST-WFC3 F160W image,
Se´rsic model, and residual. Right panel: Photometric spectral energy distribution (SED) for C21434 from the NMBS photometry.
The strong Balmer absorption features and peaked SED reflect the young, quiescent stellar population of this galaxy.
blocks was 160 min, with 109 min on source. A total of
40 antennas were active in the array, reaching maximum
baselines of 330 m, yielding a resolution of ∼2′′. Quasars
J1058+0133 and J0949+0022 served as the bandpass
and complex gain calibrators, respectively, for both ob-
serving blocks. J1058+0133 was also used to calibrate
the absolute flux scale in the first observing block, while
Ganymede served this purpose in the second block. We
verified that the flux density of the gain calibrator was
consistent between the two tracks to within 3%. The
data were reduced using the standard ALMA Cycle 3
pipeline, and no significant issues with this reduction
were found. The reduced data reach a continuum sen-
sitivity of 9µJy/beam at 98 GHz, and a CO(2–1) line
sensitivity of 105µJy/beam per 100 km s−1 channel.
2.3. Non-Detection and H2 Gas Mass Limit
To extract a spectrum of C21434, we fit a point source
to the visibilities in bins of 8 channels, or ∼200 km s−1.
The stellar effective radius, 0.23′′, is much smaller than
the resolution of these observations, ∼2′′, and so this
unresolved source is expected to be pointlike. We fix
the position of the modeled point source to its position
in optical/NIR imaging, leaving only the flux density at
each velocity channel as a free parameter. The extracted
spectrum is shown in Fig. 2. We do not detect C21434
in either CO(2–1) emission or 3 mm continuum.
To set an upper limit on the integrated CO(2–1) flux
of C21434, we assume that the gas spatial and kinematic
distribution traces the stellar continuum and therefore
adopt a CO line width equal to the line width deter-
mined from the stellar absorption features, which have
FWHM ∼ 600 km s−1 (Bezanson et al. 2013). This
yields a 3σ upper limit to the CO(2–1) luminosity of
L′CO < 2.4× 109 K km s−1 pc2.
In order to convert this limit to a molecular gas
mass, we assume thermalized line emission, as observed
in local early type galaxies from the ATLAS3D sur-
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Figure 2. CO(2–1) spectrum and inset CO(2-1) map
demonstrating the non-detection of C21434. The CO(2-1)
map is integrated within 600 km s−1 of the optical redshift
and the optical position of C21434 is indicated by a blue
cross. We place a 3σ upper limit on the molecular gas mass
of MH2 < 1.1 × 1010 M, corresponding to a molecular gas
fraction of < 7%.
vey (Young et al. 2011). Because the CO(2–1) line is
near the ground state, only a limited range of CO(2–
1)/CO(1–0) excitation variations are observed in galax-
ies; our estimate of thermalized excitation should be
accurate to <30%. We adopt a Milky Way-like CO-
H2 conversion factor, αCO = 4.4 M/(K km s−1 pc2).
Aside from being a conservative choice, this value is
motivated by observations of local quiescent galaxies
(Young et al. 2011) and theoretical models of the vari-
ations of αCO with metallicity (Feldmann et al. 2012;
Narayanan et al. 2012). Adopting this αCO yields a fi-
nal 3σ upper limit on the molecular gas mass of C21434
of MH2 < 1.1 × 1010 M, however this assumption will
always introduce a source of systematic uncertainty.
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Figure 3. Galaxy size (left panel) and star formation rates (right panel) as a function of stellar mass. Contours indicate the
location of star forming (blue contours) and quiescent (red contours) galaxies at 1 < z < 2 in the 3D-HST survey. van der Wel
et al. (2014) size-mass relations at several epochs (left) and Whitaker et al. (2014) star formation “main sequence” (right) are
included as a solid and dashed lines for star forming or quiescent relations respectively. Galaxies from a variety of samples with
molecular gas and rest-frame optical size measurements are indicated by colored symbols (Daddi et al. 2010; Tacconi et al. 2010;
Sargent et al. 2015; Decarli et al. 2016; Spilker et al. 2016; Rudnick et al. 2017; Gobat et al. 2018; Spilker et al. 2018), with
C21434 indicated by a red star. Symbol and line colors indicate the redshift of each object or relation. The majority of targeted
galaxies have been limited to the extended (left) and highly star forming population (right), however, a few studies have begun
to probe the reservoirs of galaxies like C21434 with compact structures (Spilker et al. 2016) and and/or minimal on-going star
formation (Sargent et al. 2015; Rudnick et al. 2017; Gobat et al. 2018).
We note that the non-detection of C21434 from the
3 mm continuum is far less constraining. Based on dust
emissivity from Dunne et al. (2011) with a dust temper-
ature of 25K and MH2/Mdust = 100, the 3-σ gas mass
limit from the 3 mm continuum is MH2 < 4.5×1010M,
which is significantly less constraining than the CO(2-
1) line flux. This places a very weak limit on αCO <
19 M/(K km s−1 pc2).
2.4. Ancillary Datasets
In addition to the new ALMA observations presented
herein, we compile a literature sample of high-redshift
galaxies with measured molecular gas reservoirs, star
formation rates, and stellar sizes measured from rest-
frame optical HST imaging. We include 38 star forming
galaxies from PHIBSS (CO(3–2), Tacconi et al. 2010,
2013), 97 (38 at z > 1) from PHIBSS2 (Tacconi et al.
2018) and five from Daddi et al. (2010) with PdBI ob-
servations of CO(2–1). We note that for PHIBSS2 we
have no additional information about the uncertainty or
methodology(ies) used to measure effective radii (Tac-
coni et al. 2018). In the absence of information about
e.g., how well-fit these galaxies are by Se´rsic profiles,
whether they are fit in the rest-frame optical from high-
resolution HST imaging, and whether sizes are circu-
larized, we exclude the sample from structural compar-
isons. We include seven galaxies from Decarli et al.
(2016) with robust (flag=0) rest-frame optical HST size
measurements (van der Wel et al. 2012) and reliable stel-
lar masses (logM?,3D−HST /M > 9), correcting to a
Milky Way αCO. Three compact star forming galax-
ies with CO(1-0) VLA observations and HST/WFC3
imaging, are included from Spilker et al. (2016). Sar-
gent et al. (2015), Hayashi et al. (2018), and Rudnick
et al. (2017) represent the only other three CO-based
constraints on molecular gas in high-redshift quiescent
galaxies at z = 1.4277, z = 1.451, and z = 1.62. We
include the Sargent et al. (2015) galaxy adopting the
Onodera et al. (2012) stellar mass, which also uses a
Chabrier (2003) IMF. For maximum consistency, we in-
clude 3D-HST stellar masses (Skelton et al. 2014) for
the Rudnick et al. (2017) galaxies. Gobat et al. (2018)
reported a detection of fH2 ∼ 16% in quiescent galaxies
at z ∼ 1.8, correcting to a Chabrier (2003) IMF using
a factor of 0.55 based on Longhetti & Saracco (2009),
obtained via a median stacking analysis of mid-IR, far-
IR, sub-mm, and radio observations to study the aver-
age dust-continuum emission from 977 quiescent galax-
ies. We adopt the effective radius from the van der Wel
5et al. (2014) quiescent size-mass relation at the average
mass (〈M?〉 = 6×1010M) for this sample. At interme-
diate redshift (z∼0.6), Suess et al. (2017) present two
massive post-starburst galaxies with significant molec-
ular gas reservoirs, however the stellar sizes are uncon-
strained for these galaxies. We also include 8 quiescent
galaxies at z ∼ 0.8 from Spilker et al. (2018).
Finally we include CO(1-0)-based data from the
COLDGASS survey (Saintonge et al. 2011a,b, 2012) as
a low-redshift benchmark. For comparison to 1 < z < 2
galaxies, we include galaxies from the 3D-HST photo-
metric catalogs (Brammer et al. 2011; Skelton et al.
2014), with UV+IR star formation rates (Whitaker
et al. 2014) and structural parameters derived from
HST/WFC3 imaging (van der Wel et al. 2012). We
separate the 3D-HST galaxies into star forming and
quiescent populations using Whitaker et al. (2012) rest-
frame U-V and V-J color cuts.
3. H2 RESERVOIRS ACROSS THE GALAXY
POPULATION
Figure 3 shows C21434 (red star) and the literature
sample in effective radius and star formation rate as a
function of stellar mass, colored by redshift. The vast
majority of galaxies with measured gas reservoirs are
extended (left) and star forming (right), consistent with
the overall distribution of star forming galaxies at this
redshift. We note that Spilker et al. (2016) targets are
selected to be structurally similar to compact quiescent
galaxies like C21434. The Sargent et al. (2015) target is
sufficiently massive that it overlaps with the star forming
population due to the steep quiescent size-mass relation
(e.g., Mowla et al. 2018). The Gobat et al. (2018) sam-
ple is clearly the least star forming z > 1 sample, but
due to its stacked nature its size is assumed on average.
The full sample is heterogeneous in redshift, however we
see the expected trend that galaxies at higher-z (lighter
symbols) are more compact (Figure 3a) and have higher
SFRs (Figure 3b) at fixed mass.
Locally, there is a strong correlation between molecu-
lar gas supply and the efficiency of star formation (e.g.,
Saintonge et al. 2011a). In Figure 4 we show the specific
star formation rate (sSFR ≡ SFR/M?) and molecular
gas fractions (fH2 ≡ MH2/M?) as a function of red-
shift. For reference we include the evolution of sSFR at
M? ∼ 1010.5 (Whitaker et al. 2014) as a black line in Fig-
ure 4a and the Tacconi et al. (2018) redshift evolution
(with log(1+z)2 scaling) for a star forming M? ∼ 1010.5
galaxy in Figure 4b. In this projection, the quiescent
galaxies stand out (galaxies with low sSFR in Figure
4a), along with the compact star forming galaxies (yel-
low circles, Spilker et al. 2016) in Figure 4b, as deficient
in molecular gas. We note that this comparison is rel-
ative to coeval galaxies; the molecular gas fractions of
all “depleted” galaxies galaxies at high-redshift are still
consistent with many local gas-rich star forming galax-
ies.
The similarity between the molecular gas reservoirs in
compact star forming and quiescent galaxies suggests a
connection between stellar structures and gas fractions.
This may be expected from the observed correlations be-
tween star formation and galaxy structure observed at
all redshifts (e.g. Franx et al. 2008; Whitaker et al. 2017,
and references therein). Figure 5a shows sSFR and fH2
versus stellar mass surface density (Σ? ≡ M?/(2piR2e))
where galaxies with lower sSFR tend to have higher den-
sities at any epoch. The average relations for all galax-
ies in the 3D-HST survey at several epochs are included
from Whitaker et al. (2017). Remarkably, although the
high Σ? populations are still mildly overlapping in sSFR
with extended galaxies, they separate relatively cleanly
in gas fraction (Figure 5b). This trend exists at each
epoch such that less dense galaxies also have higher fH2 .
We note although this appears to be at tension with re-
cent results from Freundlich et al. (2019), which found
no trends in gas mass with stellar surface density, that
study is primarily based on extended star forming galax-
ies with much lower stellar densities; above Σ? & 9.5
those data also show hints of depleted MH2 .
4. DISCUSSION
Measurements of the molecular gas contents of
quenching galaxies provide critical constraints on the
physics driving future star formation. Our deep ALMA
observation provides the most stringent constraint on
the molecular gas reservoir of a quiescent galaxy beyond
z > 1 and one of the deepest outside the local universe
to date. This limit of fH2 . 7%, indicates that the
gas depletion in this galaxy was effective and nearly
complete. As discussed in §2.4, the few constraints that
exist among quenched galaxies beyond z > 1 collec-
tively indicate a surprising diversity of molecular gas
contents, ranging from fH2 between . 10% (Sargent
et al. 2015) to ∼ 16% (Gobat et al. 2018) to as high as
∼40% in two cluster galaxies (Hayashi et al. 2018; Rud-
nick et al. 2017). Similar diversity has been observed
among quiescent and post-starburst galaxies at low and
intermediate redshifts (4-30%; French et al. 2015; Suess
et al. 2017; Spilker et al. 2018). This object, combined
with the two gas-rich post-starburst galaxies Suess et al.
(2017), provides evidence for a similar diversity of gas
contents in galaxies at z > 0 immediately following
quenching. The scatter or distribution of molecular gas
content with respect to stellar age may encode critical
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Figure 4. Specific star formation rate (sSFR, left) and molecular gas fraction (fH2 , right) versus redshift for the high redshift
sample as well as targets from the nearby COLDGASS survey (Saintonge et al. 2011a), which span the full range of galaxy
demographics at z ∼ 0. Expected redshift evolution in sSFR (left, Whitaker et al. 2014) and in fH2 (right, Tacconi et al. 2018)
at log M?/M ∼ 10.5 are indicated by black lines. In the left panel, quiescent targets dramatically stand out from star forming
counterparts in sSFR, however in gas fractions the Spilker et al. (2016) compact star forming galaxies have similarly depleted
molecular gas reservoirs.
hints towards the physics driving the quenching process
in massive galaxies.
We also find that the molecular gas fraction is strongly
correlated with the stellar mass surface density at all
epochs, both in the local Universe (see also e.g., Sain-
tonge et al. 2011a) and since z ∼ 2. αCO remains a
source of systematic uncertainty, but we note that, for
example, adopting lower value of αCO for the galaxies
with the highest stellar densities (e.g., Bolatto et al.
2013) would only strengthen the break between pop-
ulations in Figure 5b. Although idealized merger sim-
ulations predict a broad range of αCO (e.g., Narayanan
et al. 2011) as could be relevant for compact merger
remnants, it would be very difficult to produce higher
αCO values unless the galaxies have significantly sub-
solar metallicity. We expect the dense galaxies in these
samples to be metal-rich given their high stellar masses
and therefore posit that adopting a Milky Way αCO is
a conservative assumption. This result may be another
manifestation of the reasonable correlation between stel-
lar and gas structures (e.g. Tacconi et al. 2013) and the
Kennicutt-Schmidt relation (Schmidt 1959; Kennicutt
1998). Perhaps this implies that high stellar densities
facilitate efficient star formation and gas consumption.
However we note that such correlations may also re-
sult from the effects of progenitor biases (Lilly & Car-
ollo 2016). Alternatively, more compact galaxies have
higher stellar velocity dispersions and therefore likely
host larger supermassive black holes, which may in turn
drive stronger feedback (e.g. Magorrian et al. 1998).
There is a well-established correlation between galaxy
density - either on average or within a central region -
and stellar populations and ongoing star formation (e.g.,
Kauffmann et al. 2003; Franx et al. 2008; Cheung et al.
2012; Fang et al. 2013; Whitaker et al. 2017, and ref-
erences therein). The correlations in Figure 5b suggest
that this may be related to the gas reservoirs fueling
that star formation, but given the sparse sampling of
very dense galaxies at high redshift we are limited to
speculation. It is also possible that causality points in
the other direction and that the sharp transition in gas
fraction is driven by differences in specific star formation
rates, which in turn correlate with structures. We stress
that obtaining larger samples will be crucial in quantify-
ing that diversity and exploring correlations with stellar
populations and structures, particularly pushing to high
redshift where observations probe closer to the quench-
ing epoch for massive galaxies.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA#2015.1.00853.S. ALMA is a part-
nership of ESO (representing its member states),
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Figure 5. Specific star formation rate and H2 gas fraction versus stellar mass surface density for galaxies at z ∼ 0 (gray contours,
COLDGASS survey) and at higher redshift (symbols, colored by redshift). Local galaxies lie offset in sSFR (left) and fH2 (right)
at fixed stellar density, as expected. Broken power law relations between sSFR and Σ? for all galaxies at 〈z〉 = 0.75, 1.25, and
1.75 from Whitaker et al. (2017) are indicated by solid lines in panel (a). Although some galaxies at fixed density and redshift
overlap in sSFR (a), gas fractions at all redshifts drop dramatically for the most dense galaxies (Σ∗ & 5× 109Mkpc−2, b).
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